Lignin is a polymer formed from monolignols derived from the phenylpropanoid pathway in vascular plants. It is deposited in the cell walls of plants as part of the process of cell maturation. Lignin is considered an anti-quality component in forages because of its negative impact on the nutritional availability of plant fiber. Lignin interferes with the digestion of cell-wall polysaccharides by acting as a physical barrier to microbial enzymes. Lignification therefore has a direct and often important impact on the digestible energy (DE) value of the forage. There are a number of plant-related factors that affect lignification in individual plants and plant communities. Lignification is under genetic control and there are considerable differences in lignin concentration and composition among species and even genotypes within species. Genetic differences in lignification are first expressed at the cellular level and are affected by biochemical and physiological activities of the cell. As cells differentiate, differences in lignification occur depending on the tissues and organs being developed. Lignification tends to be most intense in structural tissues such as xylem and sclerenchyma. Plant organs containing high concentrations of these tissues, such as stems, are less digestible than those containing lower concentrations. The relative proportion of lignified tissues and organs typically increases as plants mature so there is often a negative relationship between digestibility and maturity. All of these plant processes respond to environmental factors that can affect the extent and impact of lignification. Temperature, soil moisture, light, and soil fertility can have either direct or indirect effects on lignification. The most useful management practices for minimizing the negative effects of lignification are manipulation of the plant community such that it contains more desirable species and harvest management to maintain plants in a vegetative stage of development.
recognition, and protection from biotic stresses (Boudet 1998 , Varner and Lin 1989 , Vian 1982 .
Lignin is an integral component of plant cell walls. It is the last major biopolymer to have evolved within the plant kingdom and is generally regarded as the second most abundant compound, after cellulose, in the biosphere (Boudet 1998 , Monties 1991 . The most important function of lignin in plants is as a structural component to lend strength and rigidity to the cell wall. It is also important in limiting water loss by reducing permeability of the cell wall, and in impeding disease organisms (Dean and Eriksson 1992, Zeikus 1980) . All of these attributes are desirable from the perspective of plant function and survival, but limit the nutritional value of the plant for herbivores.
Fiber is a nutritional entity which is defined as much by its biological properties as its chemical composition (Van Soest et al. 1991) . With regard to forages, it has been traditionally defined as the complex of dietary nutrients that are relatively resistant to digestion and are slowly and only partially degraded by herbivores Forsberg 1988, Van Soest 1982) . By this definition, fiber is composed of structural polysaccharides, wall proteins, and lignin. The main antiquality role of lignin in forages is in limiting digestion of the structural polysaccharides cellulose and hemicellulose (Hatfield et al. 1999, Moore and . Lignification controls the amount of fiber that can be digested and, therefore, has a direct and often important impact on the digestible energy (DE) value of the forage (Jung and Allen 1995) . Lignification also influences the amount of dry matter that can be consumed by an animal (Mertens 1994) . The undigested portion of the forage passes slowly through the digestive system and contributes to the fill effect of the diet. The greater the concentration of undegradable fiber in the diet the less dry matter an animal can consume. Therefore, lignification impacts forage nutritive value by both decreasing DE concentration and limiting dry matter intake (Moore et al. 1993) .
In this paper we discuss the biochemistry of lignin and how it affects the digestibility of forage fiber. We also consider factors that affect lignification and therefore the quality of forages. Finally, we discuss management implications of lignin and suggest strategies for improving forage quality.
Lignin Biochemistry
While lignin has been recognized as a distinct chemical entity of plant cell walls for over 100 years (Sjostrom 1981) , there is still considerable scientific argument concerning its structure, biosynthesis, and measurement. These uncertainties arise from the complexity of lignin synthesis and the resultant complexity of lignin molecules. While generalized structures for lignin have been drawn, it is not yet possible to definitely determine the complete structure of any isolated lignin molecule, let alone the structure of lignin in the plant cell wall. Because there is no standard lignin structure for reference, measurement of lignin concentration is empirical and very dependent on methodology. All of these ambiguities have made it very difficult to clarify the roles of lignin in plant growth and development, and the mechanism by which lignin limits cell wall digestibility.
Lignin can be characterized as a polymer formed from monolignols derived from the phenylpropanoid pathway in vascular plants. Recent reviews provide excellent coverage of the process and biochemistry of lignification (Baucher et al. 1998 , Boudet 1998 . Lignin is deposited in the cell walls of plants as part of the process of cell maturation after cell elongation has ceased. Based on difficulty of lignin extraction from the cell wall, it has been concluded that lignin is chemically linked to carbohydrates and possibly proteins in the cell wall to form large macromolecules. The only cross-linking structure of lignin to other cell-wall components that has been definitively characterized is the linkage of lignin to arabinoxylans in grasses via ferulic acid molecules (Ralph et al. 1995) , although chemical extraction data does point toward ∝-ether linkages of lignin directly to polysaccharides (Watanabe 1989) . Undoubtedly there are other lignin cross-linking structures involving both polysaccharides and proteins.
The basic pathway of lignin biosynthesis in plants is illustrated in Fig. 1 . Guaiacyl-type lignin typically comprises 95+% of the lignin found in gymnosperms, whereas angiosperms generally deposit significant amounts of both guaiacyl-and syringyl-type lignins. Small amounts of p-hydroxyphenol lignin are present in most plants. The 5-hydroxyguaiacyl-type lignin is only known to accumulate in the bm 3 (brown midrib) mutant of corn (Zea mays L.) (Lapierre et al. 1988 ). This particular lignin product accumulates in bm 3 corn because the gene that converts 5-hydroxyferulic acid to sinapic acid is reduced in activity. As more lignin mutants and transgenic plants involving the lignin pathway have been characterized, it has become apparent that this pathway is actually more of a web than linear (Sewalt et al. 1997b ). Because of this web structure and the ability of plants to incorporate non-typical phenylpropanoid precursor molecules, the results of biotechnological manipulation of the pathway have yielded unexpected results and unique lignin structures (Boudet 1998 ). Apparently lignin plays such an important role in plant development that alternative routes and precursors can be used to provide the amount of lignin necessary for normal development. When lignin concentration has been significantly reduced through biotechnology, nonviable plants result (Jung and Ni 1998) .
Deposition of lignin in the cell wall of grasses appears to involve ferulate esters of arabinoxylans as nucleation sites. In annual ryegrass (Lolium multiflorum Lam.), lignin cross-links to ferulates consisted only of structures that would form if monolignols reacted with the ferulates directly rather than polymeric lignin reacting with ferulate esters (Ralph et al. 1995) . This ferulate mediated cross-linking structure is illustrated in Fig. 2 . Unlike ferulic acid, p-coumarate (the other major cellwall hydroxycinnamic acid) in grasses does not have a lignin/polysaccharide cross-linking function and most pcoumarate is esterified to lignin rather than polysaccharide .
Because of complex lignin structure and linkage to other cell-wall polymers, analysis of lignin concentration in forages is difficult. The standard method used in animal and agronomic sciences is the acid detergent lignin (ADL) method, of which there are sulfuric acid hydrolysis and permanganate oxidation versions of the method (Van Soest 1967, Goering and Van Soest 1970) . The traditional lignin method used in wood chemistry, Klason lignin, was long believed to give inaccurate results with forages because of perceived contamination (Van Soest 1967, Lai and Sarkanen 1971) . It has now been shown that the Klason lignin method does not suffer from contamination when applied to forages and that the ADL method under-estimates lignin concentration (Kondo et al. 1987 , Lowry et al. 1994 . This under-estimation is especially severe for grasses. The problem with the ADL method appears to be solubilization of lignin at the acid detergent fiber step of the procedure (Kondo et al. 1987 , Lowry et al. 1994 . Recent work indicates that Klason lignin is a much more accurate method for determining lignin concentration of forages than ADL . However, lignin concentration estimates from these 2 methods are positively correlated.
Analysis of the hydroxycinnamic acids in cell walls and their cross-linking to lignin involves 2 steps because these compounds are present in more than 1 structural form in the cell wall. Ferulates and pcoumarates that are only ester-linked to polysaccharide or lignin are extracted with alkali at room temperature (Hartley 1972, Jung and Shalita-Jones 1990) . Extraction with stronger alkali at 170°C cleaves both ester-and ether-linked hydroxycinnamic acids (Iiyama et al. 1990) . A combination of these extractions can be used to partition the hydroxycinnamic acids into their 2 linkage forms. Ether-linked hydroxycinnamic acids can also be measured by dioxane-HCl hydrolysis (Scalbert et al. 1985) . Unfortunately, the other 5 cross-linking structures of ferulic acid in lignin/polysaccharide bridges cannot currently be quantified (Ralph et al. 1992 ).
Lignin and Forage Quality
It is a well established fact that lignin concentration of forages is negatively correlated with digestibility (Jung and Deetz 1993) . While this relationship has been reported for both dry matter (DM) and cell-wall digestibility (Van Soest 1964 , Smith et al. 1972 , it only has significance for cell-wall digestion as lignin does not directly impact digestibility of plant cell solubles. The reason DM digestibility is negatively correlated with lignin concentration is because the concentration of lignin always increases as cell-wall concentration rises, and forage cell walls are always less digestible than cell solubles. The negative relationship of lignin concentration and cell-wall digestibility is true regardless of the method of lignin analysis employed and has been observed with in vivo and in vitro measures of digestibility (Jung et al. 1997) . Generally, the slope of this negative relationship is less for legumes than grasses, suggesting that lignin is more inhibitory of digestion in grasses (Van Soest 1964, Buxton and Russell 1988 ). This conclusion has been drawn primarily from research where lignin was measured as ADL and it should be considered suspect because the ADL method under-estimates lignin concentration more severely in grasses than legumes. The opposite conclusion may in fact be true. Microscopic studies suggest that lignin may be more inhibitory in legumes than grasses because lignified legume tissues are virtually indigestible whereas thick-walled, lignified grass tissues can be digested to leave only thinwalled indigestible residues (Engels 1989, Engels and .
Several mechanisms have been suggested for how lignin may inhibit cell-wall digestion, however, it is now generally agreed that lignin simply acts as a physical barrier to the microbial enzymes reaching their target polysaccharides (Chesson 1993, Jung and Deetz 1993) . Previous hypotheses concerning toxicity, exclusion of water-soluble enzymes due to hydrophobicity, etc. can probably be discounted. Questions still remain as to how lignin structure, cross-linkage to other cell-wall polymers, and deposition and distribution in the wall may modify the impact of lignin as a physical barrier to cell-wall digestion. This is perhaps best illustrated by the fact that while the negative relationship of lignin concentration is always observed when examined across forage samples of different maturities, when plant maturity is similar (i.e. -forages from breeding studies, corn silage, etc.) large differences in lignin concentration and cell-wall digestibility are observed but lignin and digestibility are often not correlated (Jung and Vogel 1992 . Obviously there must be modifying factors which influence the inhibitory effect of lignin on cell-wall digestion. It was proposed by Jung and Deetz (1993) that lignin composition, as measured by the syringyl-to-guaiacyl lignin ratio, would alter the inhibitory impact of lignin on cell-wall digestion because bm mutants have more digestible cell walls and a reduced syringyl-type lignin content. However, because bm mutants also have less total lignin and generally slightly lower cell-wall concentrations (Cherney 1990) , the bm mutants are not suited to test the validity of the lignin composition hypothesis. Results from 2 transgenic tobacco (Nicotiana tabacum L.) experiments where O-methyltransferase and cinnamyl alcohol dehydrogenase activities were down-regulated showed improved cell-wall digestibility when the syringylto-guaiacyl lignin ratio was reduced but lignin concentration was not altered (Bernard Vailhe et al. 1996 . However, no change in cell-wall digestibility was observed in an Arabidopsis thaliana [(L.) Heynh] mutant that deposits only guaiacyl-type lignin rather than the normal mixture of syringyl-and guaiacyl-type lignins . Obviously the impact of lignin composition on digestibility is still unresolved.
Jung and Deetz (1993) also proposed that ferulate cross-linking of lignin to polysaccharide in grasses was crucial for lignin to impede cell-wall digestion. Attempts to show negative correlations of ferulate cross-linking (measured as etherlinked ferulic acid) have met with limited success in switchgrass (Panicum virgatum L.), big bluestem (Andropogon gerardii Vitman), and corn Vogel 1992, Jung and . This may be because ferulate cross-links form early in grass development and subsequent deposition of lignin and cell-wall polysaccharides dilute cross-link concentrations (Morrison et al. 1998) . However, using a corn cell culture model system Grabber et al. (1998) have demonstrated that reduced ferulate cross-linking will increase cellwall degradability. Recently Casler and Jung (1999) found that smooth bromegrass (Bromus inermis Leyss) genotypes selected for reduced ferulate cross-linking exhibited improved cell-wall digestibility compared to genotypes with high concentrations of ferulate ether cross-links. It appears likely that ferulate cross-linking of lignin to polysaccharide does influence cell-wall digestibility.
Factors Affecting Lignification
Within the greater context of forage quality there are a large number of factors that can influence the nutritive value of forage. These can be arranged into a hierarchy that indicates the relative dependence of the various levels involved (Fig.  3) . It should be realized that all of these processes are dynamic and that there are feedback mechanisms functioning from higher to lower levels. Consequently, there are a large number of interactions that can occur which may confound attempts to sort out the effects of various factors on forage nutritive value. The effects of lignin on forage quality can be altered and, therefore, manipulated at any level in the hierarchy of factors affecting nutritive value.
Ecosystem
The ecosystem level factors that we are concerned with in regard to forage quality are the edaphic, climatic, and biotic factors associated with a given environment that determine the potential plant communities that can be grown. The ecosystems in which forages are grown vary from the very simple to the highly complex and diverse. At one end of this spectrum are highly uniform and inherently productive environments. These can be easily manipulated through management of soil fertility, water, and pests such that the environment can be modified to a large extent to suit the needs of a specific and generally introduced plant community. In contrast are extremely diverse and inherently less productive environments. These environments are not easily manipulated and consequently have limited potential for modification through management. Forage production within these environments generally involves extensive management of native plant communities. Management of forage quality in these environments is generally accomplished through grazing management and to a lesser extent, other forms of vegetation management.
Plant Species
As described earlier, plant communities utilized for forage vary from simple monocultures of cultivated species to complex and diverse native plant communities. The concentration and composition of lignin varies greatly among genera, species, and, to some extent, within species comprising forage plant communities.
Nearly all important cultivated and many native forages belong to either the grass family (Poaceae) or the legume family (Fabaceae), which are of the subclasses Monocotyledonae and Dicotyledonae, respectively. There are large differences in lignification between grasses and legumes and also differences in the impact of lignin per se on their forage quality (Fig. 4) . Lignin concentration of legumes often appears comparable to that of grasses when expressed as a proportion of dry matter. However, when expressed as a proportion of fiber, legumes demonstrate a wider range of lignin concentrations that are generally higher than those of grasses Brasche 1991, Buxton and Russell 1988) . As indicated earlier, this difference may be a result of analytical problems regarding lignin measurement. The range in fiber digestibility is similar between legumes and grasses indicating that there are qualitative differences between the 2 families in the way lignin interacts with other fiber components (Buxton et al. 1987 .
The most important difference between grasses and legumes is in the concentration of fiber. Grasses have much higher fiber concentrations than legumes and conversely a lower concentration of readily digestible cell contents (Buxton and Russell 1988) . So even though lignin has a negative impact on the fiber digestibility of legumes, the fact that they contain much less fiber than grasses lessens its impact on overall digestible energy concentration. For these reasons, lignin concentration is not a good indicator of digestible energy when making comparisons between grasses and legumes.
Other dicotyledonous forbs have lignins that are more similar to those of legumes than of grasses (Higuchi 1990 ). Most dicotyledonous shrubs and trees have relatively high lignin concentrations and concomitantly low fiber digestibility. This is reflection of the fact that they contain more heavily lignified tissues than do herbaceous species. The foliage of some browse species, however, can often be quite digestible (Chriyaa et al. 1997) .
Cool-season and warm-season grasses have similar lignin and fiber composition Vogel 1986, 1992) . The primary distinction between cool-and warm-season grasses is that warm-season species generally have higher fiber and, therefore, higher lignin concentrations at comparable growth stages. Anatomical differences between cool-and warm-season grasses appear to account for most of the difference in fiber composition between the 2 types of grasses (Akin 1989). Warm-season grasses partition more dry matter into lignified tissues with thickened secondary walls.
Even within a single species or cultivar there may be significant genotypic differences in lignification since many forage cultivars are synthetic populations Vogel 1999, Vogel and . These differences provide the genetic variability necessary to make improvements in the forage quality of these species through traditional breeding approaches. There are several examples of improvement in forage quality through either direct or indirect modification of lignin by breeding. Selection for decreased lignin in alfalfa (Medicago sativa L.) on a whole-plant basis resulted in changes in both fiber concentration and plant morphology (Kephart et al. 1989 (Kephart et al. , 1990 . Alfalfa lines selected for low lignin had shorter stems, higher leaf to stem ratios and higher concentrations of fiber in stem bases than high lignin lines. This selection for lower acid detergent lignin in alfalfa resulted in variable and inconsistent effects with respect to improving fiber digestibility .
Improvements made by selection for high dry matter digestibility in grasses have been related to changes in lignification in some cases. In smooth bromegrass, selection for improved dry matter digestibility was correlated with changes in lignification Carpenter 1989, Jung and Casler 1990) and it was concluded that there may be some potential for improving digestibility by selection for low lignin. However, in switchgrass, substantial improvements in dry matter digestibility have been made without changing either the concentration of fiber or lignin (Moore et al. 1993) . Selection for high digestibility has resulted in changes in fiber digestibility independent of lignin concentration, but may be related to how lignin interacts with the cell-wall polysaccharides (Gabrielson et al. 1990) .
Ploidy level has been demonstrated to have an impact on lignin concentration of forage grasses. In Brachiaria, lignin concentration was higher in tetraploid than in diploid accessions (do Valle et al. 1988 ). However, there were no differences in fiber digestibility among the ploidy levels. In Napiergrass (Pennisetum purpureum Schumach.), differences in morphology were observed among triploid, tetraploid, and hexaploid lines, but the chemical compositions of various morphological structures were similar (Schank and Chynoweth 1993) .
Biochemistry and Physiology
Genotypic differences among forages are initially expressed at the biochemical level in response to environmental stimuli. The biosynthesis of lignin as described earlier is a complex process involving a number of enzyme-mediated reactions (Boudet 1998). Lignin concentration and composition is regulated by these enzymes and can be altered by attenuating their activities (Dixon et al. 1996) .
A well-known example of biochemically altered lignin is the bm mutation. The bm mutation is characterized by darkened coloration of the leaf mid vein and usually is related to lowered concentrations and altered composition of lignin . It occurs naturally in corn and has been induced through mutagenesis in sorghum (Sorghum bicolor (L.) Moench.) (Fritz et al. 1981 , Porter et al. 1978 ) and pearlmillet (Pennisetum americanum (L.) Leeke) ). The phenotypic effects of bm mutations have been well characterized (Fritz et al. 1990 , Gerhardt et al. 1994 , Moore et al. 1989 and have been related to altered enzyme activities (Bucholtz et al. 1980 , Grand et al. 1985 . The bm trait is of particular interest in forages because it is usually associated with relatively significant increases in fiber digestibility (Akin et al. 1986 , Wedig et al. 1987 . Commercial varieties of bm corn and sorghum have been developed and have been demonstrated to result in improved animal performance (Grant et al. 1995 , Lusk et al. 1984 , Weller and Phipps 1986 .
Only recently, however, have the genetic mechanisms involved in bm mutations been studied. In the bm 3 mutant of corn, the trait has been linked to changes in the structure of the O-methyl transeferase (COMT) gene (Vignols et al. 1995) . This gene codes for the enzyme that catalyzes the methylation of 5-hydroxyferulate (Boudet 1998). The mutation lowers the activity of the resulting enzyme and results in a lower lignin concentration and an altered lignin composition (Vignols et al. 1995) .
Molecular geneticists have recently altered lignin biochemistry of tobacco and alfalfa using anti-sense gene modification techniques (Halpin et al. 1994 , Sewalt et al. 1997b , Sewalt and Dixon 1997 . Down regulating the activities of phenylalanine ammonia-lyase and cinnamate 4-hydroxylase reduced lignin concentration and resulted in improved fiber digestibility in transgenic tobacco (Sewalt et al. 1997a ). In alfalfa, reducing the activities of the methylating enzymes COMT and caffeoyl-CoA O-methlytransferase resulted in only modest changes in lignin concentration and fiber digestibility (Sewalt and Dixon 1997) . Molecular approaches such as these offer great promise for developing forage cultivars with improved quality characteristics (Dixon et al. 1996) . However, it is unlikely that transgenic forage cultivars will be available to producers any time in the near future.
Physiological responses to several environmental factors may affect the extent of lignification that occurs within a forage plant community. Temperature, soil moisture, light, and soil fertility can have either direct or indirect effects on lignification Casler 1993, Nelson and Moser 1994) .
Lignification tends to increase in plants grown under warmer temperatures. This appears to be related mostly to increased activities of lignin synthetic enzymes at higher temperatures (Buxton and Fales 1994) , but may also be related in some instances to increased partitioning of plant dry matter to more lignified tissues (Cone and Engels 1990, da Silva et al. 1987) . Wilson et al. (1991) reported that growing a number of tropical and temperate forage species under a higher temperature regime did not alter the proportion of various tissues, but rather appeared to increase the intensity of lignification. Similar results were reported for tall fescue (Festuca arundinacea Schreb.) grown under 4 temperature regimes (Akin et al. 1987) . Increasing temperature did not affect leaf anatomy, but negatively affected the proportion of tissues degraded. Fales (1986) found that growing tall fescue under increasing temperatures did not affect lignification, but increased indigestible fiber concentration. Henderson and Robinson (1982) reported that increasing growth temperatures of subtropical grass species resulted in increased lignification and decreased fiber digestibility. Despite the apparent inconsistencies of the effects of temperature on lignification, the negative effect of increasing temperature on fiber digestibility appears to be consistent (Akin and Chesson 1989 , Ford et al. 1979 ).
Moisture deficit generally decreases lignification, although this effect occurs largely as a function of changes in plant development and morphology (Buxton and Casler 1993) . In alfalfa, total-cell wall concentration increased with increasing irrigation levels, but cell-wall composition was unaffected (Halim et al. 1989) . Differences in forage digestibility between stressed and non-stressed plants were attributed to delayed plant maturity caused by water stress. Excess moisture can also reduce whole-plant lignin concentration. Growing alfalfa under conditions of excess moisture stunted plant development which resulted in lower concentrations of lignin and other fiber components (Buscaglia et al. 1994) .
Light intensity and quality also can affect lignification of forages. Low light decreases lignification on a whole-plant basis (Buxton and Fales 1994) . As with most other environmental responses, this decrease is generally related to delayed development of the plant rather than changes in lignification at the cellular level (Buxton and Casler 1993) . Shaded plants tend to be less lignified (Buxton 1996) . However, the effects of light intensity on lignification and fiber digestion are not always consistent. Henderson and Robinson (1982) reported that increasing light intensity had variable effects on lignification and fiber digestibility of subtropical grass species. Kephart and Buxton (1993) similarly reported that the effects of shading on lignification of a number of temperate and warm-season grasses was inconsistent, however, in their study shading consistently resulted in improved dry matter digestibility.
Light quality apparently does not impact lignification, but may influence fiber digestibility independent of lignification. Jung and Russelle (1991) grew orchardgrass (Dactylis glomerata L.) and birdsfoot trefoil (Lotus corniculatus L.) under low pressure sodium or flourescent-incandescent lights in a study designed to evaluate the effects of light quality on fiber composition and digestion independent of plant age. They found that fiber digestibility of orchardgrass decreased under sodium lamps. The effect on birdsfoot trefoil fiber digestibility was the opposite. In both cases, changes in fiber digestion were not related to changes in lignification.
Soil nutrients can have both direct and indirect effects on lignification. Deficiencies of many plant nutrients impede growth and development in a manner similar to other plant stresses (Miller and Reetz 1995) . Therefore, lignification is generally reduced in plants growing under conditions of low soil fertility. However, there is little evidence to suggest that fertilization affects lignification when nutrient levels are adequate to support normal plant growth or that manipulating soil fertility would be a useful management tool for altering lignification.
Nitrogen fertilization has variable effects on lignification depending on plant species and the environment in which it is grown. Nitrogen fertilization had little or no impact on lignin concentration of pearlmillet stover (Powell and Fussell 1993) . In alfalfa, lignin concentration was unaffected by increasing inorganic nitrogen available for plant growth (Cherney et al. 1994) . Plant responses to nitrogen may be affected by other environmental factors. Collins et al. (1990) observed an increase in fiber concentration of oat (Avena sativa L.) forage with increasing nitrogen fertilizer in 1 environment, but small decreases occurred in response to nitrogen fertilizer in 3 other environments. However, lignin concentration was unaffected by fertilization. Sanderson et al. (1995) reported a significant interaction between plant density and nitrogen fertilization. In their experiment, lignin concentration increased with increasing plant density in corn fertilized with nitrogen. However, lignin concentration was unaffected by plant density in unfertilized corn.
Sulfur fertilization has been reported to decrease lignification and improve fiber digestibility in sorghum (Ahmad et al. 1995 ), but did not affect either lignin concentration or fiber digestibility in tall fescue or orchardgrass (Chestnut et al. 1986 ). It has been suggested that fiber concentration in tall fescue may be related to the ratio of nitrogen to sulfur levels available for plant growth (Sweeney and Moyer 1997) . However, no such relationship occurred in corn fertilized with varying rates of nitrogen and sulfur (O'Leary and Rehm 1990).
Plant Anatomy
Lignification occurs during the process of cell differentiation and is generally coincident to secondary wall formation (Iiyama et al. 1993 ). Lignin deposition is initiated in the corners of the cell adjacent to the middle lamella and proceeds inward into the primary and secondary walls. Lignification is always preceded by deposition of structural carbohydrates and lags behind development of the currently developing cell wall layer. Because of this, lignin concentration is usually higher in the primary than the secondary wall. However, in cells with pronounced secondary thickening the actual quantity of lignin may be higher in secondary walls due to their large volume (Terashima et al.1993 , Wilson 1993 .
The process of lignification occurs relatively rapidly in growing tissues. In sorghum leaf blades, lignin was present in very low concentrations in the leaf intercalary meristem, but increased dramatically to near maximum in cells adjacent to the meristem less than 1 day old (Volenec et al. 1986 ). Lignification in developing stems is somewhat slower. In elongating corn internodes, lignification was initiated within 2 days after elongation began and by 4 days had proceeded into all elongated tissues (Morrison and Buxton 1993) .
Lignin concentration varies greatly from one cell type to another. Consequently, degradability of plant tissues is variable and related to lignin concentration. Tissues with high lignin concentrations include the epidermis (grasses), xylem, and sclerenchyma (Akin et al. 1990 , Buxton and Redfearn 1997 , Chesson et al. 1986 , Twidwell et al. 1991 . These tissues are relatively undegradable by rumen microbes (Grabber el al. 1992 ) and comprise a large proportion of the indigestible fraction of forages (Buxton and Redfearn 1997 , Twidwell et al. 1991 , Akin and Chesson 1989 . Other tissues such as mesophyll and other types of parenchyma are not lignified, contain a large proportion of metabolites, and are highly degradable. Between these extremes are tissues with intermediate and variable degradability such as phloem and collenchyma (Akin 1989 , Wilson 1993 .
The digestibility of a forage represents the relative contributions of various plant tissues to total herbage dry matter (Magai et al. 1994) . The higher the proportion of structural and other lignified tissues, the lower the digestibility of the forage (Akin 1989) .
A significant proportion of the differences among species in lignin concentration and fiber digestion reflect differential partitioning among various tissues. Warmseason grasses for example, tend to have a higher proportion of lignified tissues than cool-season grasses (Akin 1989) . Differences in fiber digestibility of warm-season and cool-season grasses have been related to anatomical characteristics. Warm-season grasses generally have a higher proportion of structural and other indigestible tissues than cool-season grasses (Wilson and Hattersley 1989, Wilson and Kennedy 1996) .
Morphology
Lignification increases as plants mature (Brink and Fairbrother 1994 , Cherney et al. 1993 , Cuomo et al. 1996 , Hockensmith et al. 1997 . This is largely a function of changes in the morphology of the plant, and to a lesser degree, the aging of plant tissues (Anderson 1985) . Changes in plant morphology are related to ontogeny (Nelson and Moser 1994) . In grasses, developmental morphology is characterized by 4 primary growth stages: 1) vegetative, 2) elongation, 3) reproductive, and 4) seed ripening Moser 1995) . During vegetative development, the stems remain near the crown and the above ground portion of the plant consists primarily of leaves. During elongation stem internodes lengthen, increasing the proportion of stem tissue in the canopy relative to leaves. During the later 2 growth stages, inflorescences develop, fertilization occurs, and seeds develop. Development of legumes and other herbaceous dicots also occurs in vegetative and reproductive stages (Kalu and Fick 1981) . During vegetative development, stem growth occurs simultaneously with leaf development. Continued cambial growth in dicot stems results in accumulation of indigestible xylem tissues. In determinate species, stem growth ceases with the onset of reproductive growth, while in indeterminate species, reproductive and vegetative growth may occur simultaneously.
As plants mature, the ratio of leaves to stems decreases (Albrecht et al. 1987 , Nordkvist and Åman 1986 , Martiniello et al. 1997 . Because stems contain more lignified structural tissues and less metabolically active tissues than leaves, the digestibility of stems is generally much less than that of leaves (Akin 1989 , Twidwell et al. 1988 . Using a lignin stain and image analysis, Twidwell et al. (1991) characterized the anatomy of switchgrass leaves and stems. They reported that stems contained a greater proportion of structural and other lignified tissues than leaves and that these tissues were more resistant to degradation when incubated in buffered rumen fluid for 24 and 48 hours. Bruckner and Hanna (1990) reported similar findings in a study on the anatomy and digestibility of leaves and stems of small grain species.
Lignin concentration increases with maturity in grasses (Cherney et al. 1993 , Foster et al. 1996 , McBee and Miller 1993 , Titgemeyer et al. 1996 and legumes (Bidlack and Buxton 1992, Kratchunov and Naydenov 1995) . Quantitatively, the changes in lignification that occur as plants mature have the largest impact on forage quality of the factors that can be modified by forage management. In grasses, lignin concentrations more than double as plants develop from vegetative to reproductive stages of growth while in legumes, the increase is somewhat less dramatic (Albrecht et al. 1987 , Bidlack and Buxton 1992 , Brink and Fairbrother 1994 .
Management Implications
The goal of managing forage quality is not necessarily to minimize lignin concentration, but rather to minimize its impacts on fiber digestion and intake. To some extent, management can be used to manipulate lignification and its impact on fiber digestion at each of the levels discussed in the previous section (Fig. 3) . However, from a practical perspective, the most useful management practices for this purpose are manipulation of the plant community such that it contains more desirable (less lignified and more digestible) plants, harvest management to maintain plants in a vegetative state of development, and when necessary, postharvest treatments to improve the digestibility of low quality harvested forages.
Species and variety selection are extremely useful tools for managing forage quality within the constraints of an ecosystem. Obviously, other factors such as yield, seasonal growth distribution, and establishment and production costs may be as or more important than forage quality. However, altering species composition, either by seeding or vegetation manipulation, can greatly enhance the yield of available nutrients and productivity of the system. The goal is to develop a plant community with inherently high quality characteristics.
Establishment of improved cultivars of adapted species can enhance productivity of forage-livestock systems and increase economic returns. Studies have demonstrated substantial improvements in the performance of beef cattle grazing pastures with improved forage quality characteristics (Anderson et al. 1988 . Estimates in the value of increased production realized from improvements in forage quality range from $50 to $85 per hectare per year (Vogel and Sleper 1994) .
Defoliation management is probably the most powerful tool available to producers for managing forage quality. Timing of harvest and grazing events such that forages are maintained in a vegetative state is the most effective and straightforward approach to managing the decline in forage quality associated with plant maturity (Hirschfeld et al. 1996 , Norton et al. 1997 . Again, decisions with regard to defoliation management need to be weighed against other factors such as yield and effects on plant persistence. In addition to defoliation, maturation of forages can be controlled by burning, clipping, and application of plant growth regulators (Mitchell et al. 1996, Roberts and . However, none of these other treatments has the impact of properly timed defoliation.
There are a number of postharvest treatments that can be used to improve the digestibility of fiber in highly lignified forages. These have been reviewed in some detail by Fahey et al. (1993) . There are 4 basic strategies employed in postharvest treatments that have been developed to lessen the impact of lignin on fiber digestion. These include alkaline hydrolysis, enzymatic hydrolysis, oxidation, and microbial treatments. Of these, alkaline hydrolysis is by far the most common and practical.
Alkaline treatments have been demonstrated to improve the digestibility of grasses, but not legumes. The reagents most commonly used for this purpose are ammonia and various hydroxides (Fahey et al. 1993) . Ammoniation of forages can be accomplished using anhydrous ammonia applied in gaseous form or by incorporating urea with the forage (Fritz et al. 1991 , Moore et al. 1985 . Ammoniation increases fiber digestibility and crude protein concentration whereas treatment with sodium hydroxide only increases fiber digestion, however, sodium hydroxide treatment generally results in greater increases in fiber digestibility than ammoniation. Of the alkaline treatments used to improve forage digestibility, ammoniation is the easiest to use. In all cases, chemical treatments used to enhance fiber digestion result in greater improvements when applied to poor quality roughages such as mature grasses and cereal crop residues than when applied to higher quality forages (Klopfenstein 1978 
